The effect of propionate toxicity at different pH values (6.5, 7.0, and 8.0) on methanogen-enriched sludge. Methanobrevibacter smithii, and MethanospiriUlum hungatii was studied. Organisms were grown in Balch medium 3 in Hungate tubes, and toxicity was characterized by a decrease in production of methane and in bacterial numbers. Propionate inhibited bacterial growth and cumulative methane production at concentrations as low as 20 mM. In the absence of propionate, the methanogen-enriched sludge and M. smithii showed better cumulative methane production at pH 6.5 and 7.0 than at pH 8.0. However, in the presence of propionate, these organisms showed better cumulative methane production at pH 8.0. M. hungatii differed in its behavior; the best values of cumulative methane production for this organism occurred at pH 7.0. Bacterial numbers reflected the microbial response to the presence of propionate. The highest counts of methanogenic bacteria were observed at pH 6.5 and 8.0. The numbers of methanogens were affected by the presence of propionate even at concentrations as low as 20 or 30 mM; at propionate concentrations above 80 mM, the methanogen count was affected by at least 2 orders of magnitude. Upon comparison of the responses of the pure cultures and the methanogen-enriched sludge to increasing propionate concentrations, it was found that the sensitivity of the pure cultures was similar to that of the methanogens in the sludge.
Acetic, propionic, and butyric acids are the major volatile fatty acids present during anaerobic treatment of sludge. Although these volatile fatty acids are the main source of substrate for the methanogenic bacteria, some investigators have suggested (9, 13, 31, 32) that at high concentrations they are inhibitory for the methane-forming organisms.
Acetic acid has been proved to be nontoxic to the methane formers (22, 25) ; however, this has not been fully established with propionic and butyric acids. It has also been observed that some volatile fatty acids, for example propionic acid, are more toxic than others (23, 25) . Unfortunately, the inhibitory effect of propionate in anaerobic digestion has not been widely studied. Several investigators have observed propionate inhibition under unbalanced anaerobic conditions, accompanied by an increased hydrogen pressure (2, 9, 13, 16, 25) . If the hydrogen concentration is kept low (between 15 and 60 ppm) by bacterial uptake during the anaerobic process, its presence does not disturb the system (27) . However, if the hydrogen concentration rises significantly, the anaerobic ecosystem becomes disturbed, accompanied by the accumulation of propionate.
Propionate-utilizing organisms appear to play an important role when reactors are subjected to overload conditions. Further studies of propionate-utilizing organisms (6, 7, 17, 26) led to the suggestion that propionic acid is degraded by a syntrophic association of acetate-, CO2-, and H2-producing bacteria. In other studies (12, 31) , investigators concluded that there was a third group, called obligate proton-reducing bacteria, which seem to regenerate their oxidized coenzymes by the reduction of protons to molecular hydrogen. This mechanism can be favorable only if conditions are stable.
Boone and (4, 7, 11) . Propionate is quantitatively an important methanogenic intermediate in anaerobic digestion, and although the propionate concentration is usually low, its turnover rate is rapid (6) . If the concentration of propionate increases, it is likely that S. wolinii will degrade it. However, because of the very slow growth rate of this organism (7), rates of propionate degradation are not always as fast as the rate of propionate production. A subsequent increase in propionate concentrations can occur in the digester, causing disturbances in the ecosystem.
Several investigators have described the toxic effect of propionate in anaerobic digestion, but the extent of this inhibition and the effect of pH have not been clearly understood (9, 20, 25) . Experiments using pure cultures of methanogens are even less widely reported. However, propionate has been shown to inhibit methanogenesis at low concentrations, and this study was undertaken to confirm and extend results of previous studies specifically related to propionate toxicity.
Methanobrevibacter smithii and Methanospirillum hungatii were selected for this study because both organisms are H2-utilizing bacteria commonly found in anaerobic digesters 
RESULTS
In the experimental system used, the maximum value of cumulative methane produced was 163 Lmol, which was 76.89% of the theoretical value of 212 ,umol. One reason for this difference may have been that the amount of sample was very small (5 ml); nevertheless, reasonable growth curves were obtained. Figure 1 shows the time course of methane production in the methanogen-enriched sludge, M. smithii, and M. hungatii at pH 6.5, 7.0, and 8.0.
At pH 6.5, methanogen-enriched sludge and M. smithii were found to have similar cumulative methane production values. At pH 7.0, all three samples had very similar values of cumulative methane production. Methanogen-enriched sludge and M. smithii gave results very similar to those obtained at pH 6.5, which suggests that they were not very sensitive to lower pH. However, M. hungatii gave much lower cumulative methane production values at pH 6.5 than at pH 7.0. At pH 8, cumulative methane production was reduced for all samples. The optimum pH for M. smithii is known to be ca. 7.0 (3). For M. hungatii the optimum pH has not yet been determined, but the results of this particular study indicate that it is pH 7.0.
Effect of pH and propionate addition on the bacterial count. As for the control samples, methane production and bacterial counts were determined on a daily basis, but for purposes of comparison the bacterial counts at 168 h are examined. Figure 2 shows the direct counts (log1o per milliliter) of total bacteria and of methanogens from the methanogen-enriched sludge samples with different propionate concentrations and at pH 6.5, 7.0, and 8.0, after 168 h of incubation. The highest counts of methanogenic bacteria were obtained at pH 6.5 and 8.0. The counts of methanogens were affected by the presence of propionate, even at concentrations as low as 20 or 30 mM, and at propionate concentrations above 80 mM the methanogen count was decreased by at least 2 orders of magnitude. The counts of total bacteria were of course always higher than the counts of methanogens (by approximately 3 orders of magnitude), and the lowest counts were always recorded at pH 8.0. The presence of more than 80 mM propionate in the samples again decreased the total bacterial count. tions and at pH 6.5, 7.0, and 8.0. Growth was initially measured as optical density, and then the prepared calibration curves were used to convert the optical density values to bacterial counts. Both cultures responded in a similar manner; growth decreased with higher propionate concentrations. It can clearly be seen than at concentrations of propionate above 60 mM the bacterial numbers remained constant and low, particularly at pH 8.0. At this pH, the count was approximately 102 per ml for those cultures at >60 mM propionate, but at pH 7.0 and 6.5 the number stabilized at approximately 104 per ml. By comparing the responses of the pure cultures to those of the methanogen-enriched sludge to increasing propionate concentrations, it can be seen that they were equally sensitive to propionate.
Correlation of methane production with propionate concentration. Figure 4 shows the correlation between the cumulative methane production and the different concentrations of propionate for the sludge and methanogen cultures. There was a clear tendency for the cumulative methane production to decrease as the propionate concentration increased, with one exception. M. hungatii at pH 7.0 showed a discontinuity at 100 mM propionate. Consequently, two correlation coefficients were obtained in this case.
DISCUSSION
Methanogenic bacteria are highly specialized microorganisms, not only in the substrates that they utilize but also in their final metabolic products. They are also more sensitive to any changes in their environmental conditions than the other trophic groups of microorganisms present in the anaerobic digestion process and are more easily inhibited than aerobic organisms (21) .
To improve anaerobic treatment it is necessary to control the environmental conditions for the methanogenic bacteria; therefore, it is important to learn more about the require- (26, 28, 30) .
Nevertheless, the control of pH can be necessary, particularly when a stable bacterial population has not already been established and during increased organic loads. However, when bicarbonate is added to digesters to control the pH, the salt may cause inhibition, but this can be prevented by reducing the partial pressure of carbon dioxide to prevent excessive concentrations of bicarbonate.
This study showed that even low concentrations of propionate (20 mM) inhibited methanogenesis. It is therefore particularly important during major operational changes in anaerobic reactors to monitor and control the parameters mentioned above so that an early indication of unbalanced conditions can be obtained.
Investigators studying the role of hydrogen in regulating the production of volatile fatty acids (19) found that the accumulation of these compounds was due to hydrogen sensitivities moderated by the syntrophic association. Thermodynamic consideration of the glucose-to-methane pathway suggests that in the presence of low concentrations of hydrogen, net propionate production should not occur. Therefore, it is believed that the behavior of hydrogen in the system reflects the state of reactor stability.
Bacterial growth was a very useful parameter for observation of the microbial response in the presence of propionate (Fig. 1) . Many methods may be used for the determination of growth of methanogenic cultures, for instance optical density, which is one of the fastest and easiest methods. However, this technique is not applicable to all methanogens, and other methods should be selected for filamentous forms and aggregates of methanogenic bacteria.
More research is needed to improve the enumeration of methanogenic bacteria. The medium used in the mostprobable-number technique in this study is not specific for all methanogens, and some methanogens with very specific growth requirements (e.g., Methanohalophilus zhilinae, which grows only in methyl compounds [24] ) will be unable to grow on it.
The toxicity of propionate is still debated, even though some investigators have described the failure of reactors in the presence of increased propionate; apparently, it was not considered to be the main cause of the failure.
In summary, propionate is a toxic agent for methanogenesis. Further studies are necessary to establish the main factors in this toxic effect and the inhibition of propionateutilizing organisms in order to improve the anaerobic process during periods of propionate accumulation in the presence of hydrogen. 
